Symplectic intergrowths are important markers of incomplete retrograde metamorphism. Because they represent arrested reactions that were limited by diffusion, these textures provide constraints on how pressure and temperature varied following peak-grade metamorphism. For example, symplectic intergrowths of muscovite + quartz that formed in upper amphibolite facies sillimanite + K-feldspar wall rocks permit assessment of the thermal history of a magmatic arc post-intrusion. Wall rocks surrounding the last plutons to be emplaced within the Peninsular Ranges batholith, (Southern California, USA, to Baja California, Mexico), present an ideal setting to investigate retrograde textures that elucidate arc evolution. During intrusion, wall rocks reached 625 ± 25 °C and exceeded muscovite + quartz stability. Post-intrusion, muscovite + quartz symplectites grew at the expense of K-feldspar in response to falling temperature. Ti-in-quartz measurements reveal that symplectic quartz grew at ≥375 °C, which refl ects temperatures as much as 250 °C lower than peak-grade metamorphism. This result has signifi cant implications for the mechanical and thermal evolution of Peninsular Ranges batholith arc crust.
INTRODUCTION
The thermal state of arc crust is an important time-dependent variable that infl uences the crust's mechanical properties and deformation history (e.g., Paterson and Tobisch, 1992) . Transient heating of arc crust characteristically exceeds 600 °C at 10-20 km depths. Because plutonism is episodic, thermally perturbed wall rocks relax to lower temperatures for the majority of the arc's lifespan (Lux et al., 1986; Barton and Hanson, 1989; Rothstein and Manning, 2003) . Unfortunately, while peak-grade conditions are relatively straightforward to estimate, the retrograde temperature-time (T-t) path is diffi cult to constrain directly from retrograde mineral growth and is most commonly estimated from the temperature-dependent retention of radiogenic daughter products of precursor phases (e.g., thermochronology; see McDougall and Harrison, 1999) .
Symplectites have long been appreciated as textural evidence of arrested retrograde metamorphic reactions that generally occur as intergrown mineral pairs either between reacting phases or surrounding a single preexisting phase (Sederholm, 1916) . These textures form when the rate of grain boundary migration outpaces grain boundary diffusion (Barker, 1999) . Because symplectites can form over a range of pressure-temperature (P-T) conditions and bulk compositions (e.g., Ashworth and Chambers, 2000) , they present an opportunity to elucidate metamorphic histories post-peak conditions. For example, clinopyroxene + plagioclase symplectites after omphacite have been used to recognize former high-pressure metamorphism (e.g., Eskola, 1921) and to infer the form of retrograde P-T paths following ultrahigh-pressure conditions (e.g., Anderson and Moecher, 2007) .
Symplectic intergrowths of muscovite + quartz are common in migmatitic wall rocks of arc crust. Such textures are widely considered to represent retrograde reversal of muscovite dehydration reactions and/or dehydration melting reactions (Brown, 2002) . The observed textures are generally well described by a set of coupled model reactions (Eugster, 1970; Ashworth, 1972 Typically, post-kinematic muscovite overgrows fi brolitic sillimanite aligned parallel to the high-grade foliation (Reaction 1) while symplectic muscovite + quartz and/or myrmekite (plagioclase + quartz) form at the expense of K-feldspar (Reaction 2). Together, these textures can be interpreted to represent the reversal of the model reaction for the second sillimanite isograd:
Growth of muscovite + quartz symplectites requires retrograde P-T trajectories shallower than the slope of the univariant P-T equilibrium boundary for Reaction 3 (~25 °C/kbar at 4 kbar).
In this study, we analyze migmatitc metasedimentary wall rocks of the Peninsular Ranges batholith (PRB) of Southern California and Baja California (Fig. 1A) to demonstrate how Ti concentrations in symplectic quartz formed in arc crust can be used to directly assess temperatures of retrograde mineral growth by using the TitaniQ thermometer (Wark and Watson, 2006) . When combined with appropriate age data (presented elsewhere; see Peterman and Grove, 2010) , this information can be used to explicitly constrain the T-t history of arc crust and better understand how these factors controlled the deformation history.
BACKGROUND
The PRB extends nearly 1100 km along southwestern North America and was largely emplaced during the mid-Cretaceous (Silver and Chappell, 1988; Kistler et al., 2003) . More than 50% of the intrusive volume of the PRB was emplaced in a >100 km 3 /km strike length/ m.y. event that produced the predominately 98-92 Ma La Posta tonalite-trondhjemitegranodiorite (TTG) intrusive suite (Tulloch and Kimbrough, 2003) . The massive La Posta TTG event marked the fi nal intrusive phase for the PRB. The La Posta TTG intrusion ceased by 88 Ma when the axis of Late Cretaceous magmatism shifted eastward into mainland Mexico (Silver and Chappell, 1988; Todd et al., 2003; Kistler et al., 2003) . Therefore, retrogression of peak-grade assemblages of the La Posta TTG occurred exclusively during the post-intrusive history of the PRB. Interestingly, the most signifi cant denudation of the PRB was delayed by ~10 m.y. after TTG emplacement until 80-65 Ma, when renewed denudation coincided with a period of shallow subduction beneath southwestern North America (Krummenacher et al., 1975; George and Dokka, 1994; Grove et al., 2003a; Jacobson et al., 2010) .
The study area for this project is within the east-central PRB at 33°N (Fig. 1B) . Thermobarometry of garnet-bearing assemblages within the wall rocks of the La Posta TTG at 33°N constrain peak-grade conditions to 4.0 ± 0.5 kbar and 625 ± 25 °C (Grove, 1987; Rothstein and Manning, 2003) . Numerical simulation of the denudation history of the study area, based upon available thermobarometry and 40 Ar/ 39 Ar thermochronology of hornblende, muscovite, biotite, and K-feldspar (Hbl, Ms, Bt, Kfs; mineral abbreviations after Kretz, 1983) , indicate that wall rocks of the La Posta TTG were initially exhumed along a shallow P-T path ( Fig. 1C ) that remained above 400 °C until ca. 80 Ma (Lovera et al., 1999; Grove et al., 2003a) . The semipelitic to pelitic bulk compositions of the study area feature peak-grade sillimanite (Sil) + Bt + Kfs assemblages overprinted by ubiquitous coarsegrained, poorly oriented muscovite (Reaction 1). These rocks also contain fi ner-grained Ms + quartz (Qtz) symplectites after Kfs and fi brolitic Sil (Reaction 2; Fig. 2A ). The kinetics of Reaction 3 are suffi ciently rapid (e.g., Schramke et al., 1987 ) that growth of retrograde Ms + Qtz is limited by water fugacity and grain boundary diffusion rates. Persistence of graphite requires a H 2 O < 0.75 under these conditions (Ohmoto and Kerrick, 1977) and places the wall rocks above the Ms + Qtz univariant reaction during intrusion of the La Posta TTG. Analyses of these samples reveal that (1) matrix quartz records high temperatures associated with near peak-grade conditions, and (2) symplectic quartz records the temperature of texture development during retrograde metamorphism.
METHODS
Two representative samples (1024-C2 and 1023-J; Fig. 1B ) containing fi ne-to coarsegrained Ms + Qtz symplectite were analyzed to determine formation temperatures for the intergrowths and to evaluate trends in Ti concentrations in muscovite and quartz grains. Backscattered electron images of symplectite textures were captured using Stanford's JEOL 733 Superprobe and were used to guide measurement locations. Quantitative measurements of Ti concentrations in muscovite were also collected. Ti-in-quartz measurements were performed by secondary ionization mass spectrometry using the Stanford−U.S. Geological Survey sensitive high-resolution ion microprobe-reverse geometry (SHRIMP-RG) instrument operated with a 1-2 nA, 10-15-µm-diameter O 2-beam with 10,000 mass resolution (e.g., Grimes et al., 2007) . Further analytical details appear in the GSA Data Repository.
1 Symplectite formation temperatures (Table 1) were calculated using the Ti-in-quartz thermometer TitaniQ (Wark and Watson, 2006) including a correction for the effect of pressure on Ti concentrations in quartz (Thomas et al., 2010) .
RESULTS
Ti concentrations from four different contexts of quartz grains were measured: matrix (M; abbreviations in Table DR1 in the Data Repository), symplectite (S), grain margins of symplectite (X), and myrmekite (Y). Ti concentrations in matrix quartz range from 56 to 12 ppm, with an average of 28 ppm (Table DR1) ; symplectic quartz ranges from 23 to 2.1 ppm Ti (average, avg. 11 ppm); symplectite boundary 
DISCUSSION
Determining temperatures from Ti concentrations in quartz depends upon the pressure at which the quartz formed and the a Ti during crystallization. Because the Ti-in-quartz thermometer is sensitive to both pressure (Thomas et al., 2010 ) and a Ti , temperature calculations were performed that consider the range of possible pressures (3.5, 4.0, and 4.5 kbar) and the range of potential a Ti (0.5, 0.7, 1.0; Table 1 ; for complete set of calculations, see Table DR1 ). Table 1 shows how variations in absolute pressure and a Ti affect calculated temperatures across the range of measured Ti concentrations. Compared with calculations at 4.0 kbar, calculated temperatures are 8-11 °C cooler at 3.5 kbar and 8-11 °C warmer at 4.5 kbar. While the effect of a Ti depends upon the Ti concentration, lower a Ti values always yield higher temperatures (Table 1) . At low Ti concentrations and using a Ti = 0.7 for comparison, a Ti = 0.5 yields an increase of 17 °C compared with a Ti = 0.7, and a Ti = 1.0 yields a ΔT of −18 °C. At moderate concentrations, the ΔT attributed to changes in a Ti is ~±24 °C (hotter for a Ti = 0.5, cooler for a Ti = 1.0). At the highest concentrations measured, changes in a Ti can produce a ΔT of ~±32 °C.
Our preferred temperature estimates use 4.0 kbar and a Ti = 0.7 (Table DR1 , gray column; Fig. 2B ). This pressure represents the best estimate from the literature (Grove et al., 2003a; Rothstein and Manning, 2003) . While we cannot readily assess the extent to which microdomains within quartz formed at the same a Ti , plausible ranges for a Ti can be estimated. Although rutile is absent, the rocks contain ilmenite (Grove, 1987) , which indicates 0.5 < a Ti < 1 during growth of both the matrix quartz and symplectite (e.g., Ghent and Stout, 1984; Kohn and Northrup, 2009; Storm and Spear, 2009 ). The Ti concentrations in peak-grade biotite from the study area (~0.15 atoms pfu; Grove, 1987) are typical for Sil + Kfs zone assemblages coexisting with ilmenite (Guidotti, 1984) . Based upon these relationships, we adopt a Ti = 0.7. Regardless of the error in this assumption of a Ti , the relative temperature difference between matrix and symplectic quartz remains robust. For example, using a Ti = 0.5 for quartz symplectite still yields average temperatures that are ~50 °C cooler for the average symplectite than the average matrix grain (see Table DR1 ). Furthermore, the impact of assumed a Ti upon model temperature diminishes at lower temperature.
Using these values (P = 4.0 kbar; a Ti = 0.7), matrix quartz interiors recorded temperatures ~534 ± 24 °C ( Fig. 3A ; Table DR1 ). This average value is ~100 °C lower than peak-grade conditions. In contrast, quartz from Ms + Qtz symplectite (Fig. 3B) and Pl + Qtz (myrmekite; Fig. 3D ) records signifi cantly lower temperatures that range down to ~375 °C (Table DR1) . Matrix quartz immediately adjacent to the symplectite yields values similar to symplectic quartz (Fig. 3C) . Because the back-reaction of Reaction 3 is nearly instantaneous on geologic time scales (Schramke et al., 1987) , we interpret the temperature range to refl ect sluggish grain boundary diffusion over micrometer to millimeter length scales. The 375 °C values calculated for the symplectite are comparable to independent estimates based upon 40 Ar/ 39 Ar thermochronology for PRB crust immediately prior to the onset of rapid denudation at 80 Ma (Fig. 1C) . Therefore, despite uncertainties in absolute P and a Ti , these data clearly indicate that retrograde growth of symplectic muscovite + quartz is capable of recording a signifi cant range of crustal history (in this case 580 °C to 375 °C).
Overall, our results from symplectic quartz confi rm that temperatures within the crust of the extinguished PRB magmatic arc had decreased to below 400 °C in the 10 m.y. following emplacement of the La Posta TTG. Temperature affects the mechanical strength of the crust. At <400 °C, feldspar is appreciably stronger than at higher temperatures that are prevalent in an actively intruded arc (e.g., Passchier and Trouw, 2005) . Cooler and therefore stronger arc crust more effectively transmits convergent margin stress into the hinterland (DeCelles et al., 2009 ). Because our data indicate crust <400 °C, the delayed denudation of the PRB that began in earnest after 80 Ma (Krummenacher et al., 1975; Grove et al., 2003a ) cannot be explained as a simple, natural response of weak arc crust, but instead requires a fundamental change in the stress regime. In the case of the northern PRB, this may have been triggered by the onset of shallow subduction, removal of lithospheric mantle, and underplating of lower-density trench fi ll (Grove et al., 2003b) . Regardless of the ultimate cause, constraining post-orogenic temperatures directly from retrograde assemblages is clearly useful. Efforts to directly date the symplectites with higher closure temperature systems to better constrain the timing of symplectite growth are in progress (Peterman and Grove, 2010) .
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